In order to elucidate the molecular mechanism of the catalytic reaction and enzyme conformation, we substituted 53 conserved residues identified by aligning 92 p-hydroxybenzoate hydroxylase sequences and 19 non-conserved residues selected from crystallographic studies of Pseudomonas fluorescens NBRC14160 p-hydroxybenzoate hydroxylase with 19 other naturally occurring amino acids, yielding a database of 619 active single mutants. The database contained 365 and 254 active single mutants for 44/53 conserved residues and 19 non-conserved residues, respectively; the data included main activity, sub-activity for NADPH and NADPH reaction specificity. Active mutations were not observed for the G14, Q102, G160, E198, R220, R246, N300, F342 and G387 conserved residues, and only one active mutant was obtained at the G9, G11, G187, D286, Y201, R214 and G295 conserved residues and the S13, E32 and R42 non-conserved residues. Only seven active mutants with higher activity than the wild-type enzyme were observed at conserved residues, and only two were observed at non-conserved residues. The 365 mutants at conserved residues included 64 active mutants with higher NADPH reaction specificity than the wild-type enzyme, and some Y181X single mutants exhibited considerable changes in NADPH reaction specificity. A Y181X/ L268G double-mutant database was constructed to computationally analyze the effects of these substitutions on structural conformation and function. These results indicated that some conserved or non-conserved residues are important for structural stability or enzyme function.
Introduction p-Hydroxybenzoate hydroxylases (PHBHs) are conserved proteins with a length of 400 residues. The primary activity of these enzymes is to catalyze the hydroxylation of p-hydroxybenzoate to protocatechuate (Fig. 1a) (Yamamoto et al., 1966) . This activity is similar to that of various enzymes belonging to the FAD-containing aromatic compound oxygenase (FAO) group, which mediate the degradation of recalcitrant aromatic compounds in the environment (Harayama et al., 1992) .
Various clinical assays have been developed to analyze serum cholinesterase activity as a measure of liver function. One popular method uses PHBHs to detect p-hydroxybenzoate as the reduced product of cholinesterase (Ashihara et al., 1983) . However, PHBHs also exhibit protocatechuatedependent NADPH oxidase activity (i.e. sub-activity for NADPH) through an unknown mechanism (Fig. 1b) . This subactivity reduces the accuracy of the PHBH method, making it important to reduce the sub-activity of PHBHs.
PHBH genes from various microorganisms have been sequenced, and their crystal structures and enzyme functions have been well studied Schreuder et al., 1989; Entsch and van Berkel, 1995; Kudryashova et al., 2008) . These studies have provided useful information regarding proteins with PHBH-like structures and the biological evolution of FAOs (Mattevi, 1998; Dym and Eisenberg, 2001; Ballou et al., 2005; Entsch et al., 2005; van Berkel et al., 2006; Joosten and van Berkel, 2007) .
PHBHs provide an excellent model system for studies on FAO structure, function and dynamics, including conformational changes. The conformational changes of the Pseudomonas aeruginosa PHBH have been documented and include an apparent three-state conformational change process (open, out and in) during the hydroxylation of p-hydroxybenzoate. In the open conformation, the substrate and NADPH are introduced to the PHBH; in the out conformation, NADPH is oxidized; and finally, in the in conformation, release of NADP þ , introduction of O 2 and substrate hydroxylation occur. The product is then released from the PHBH in the open conformation ( Fig. 1c ) van Berkel et al., 2006) .
Changes in the catalytic properties of NADPH/ NADH-dependent enzymes have been a major concern in protein engineering Carugo and Argos, 1997; Wiegert et al., 1997; Rosell et al., 2003; Hsieh et al., 2006; Liang et al., 2007; Rodríguez-Zavala, 2008) . However, recent studies have revealed that many factors are responsible for co-substrate specificities for NADPH/NADH, including ion networks, hydrogen bonds, hydrophobic packing, inter-subunit interactions, stabilization of helices, additional aromatic -aromatic interactions and decreases in main-chain flexibility; thus it would not be possible to use the same strategy to alter the co-substrate specificity in every enzyme. For example, the detection of amino acid substitutions around the FAD molecule in the P.aeruginosa PHBH suggested that conformational changes affect enzyme subactivity for NADPH (Cole et al., 2005a; Cole et al., 2005b) .
The role of such residues in mediating the structure and function has been investigated by random and site-directed mutagenesis of the P.aeruginosa or Pseudomonas fluorescens PHBH van Berkel et al., 2006) . This method of introducing single-site mutations has provided a platform for investigating the contribution of each amino acid to protein structure and/or function. It is possible that a specific residue can be evolutionarily conserved for more than two purposes, e.g. structure and stability, or for function related to NADPH oxidation, and it may be possible to establish the role of different parts of the side chain via gradual modification of that residue.
In a previous study on amino acid substitutions in the P.fluorescens PHBH, substitution of 12 Cys/Met residues with other naturally occurring amino acids produced a collection of mutants for which the main activity, sub-activity for NADPH, NADPH reaction specificity and thermal stability of each mutant were recorded (Suemori and Iwakura, 2007) . Cys/Met residues are not necessarily conserved in the PHBH family, and their effects on PHBH structure/function are unclear; the role of conserved and non-conserved residues in determining PHBH structure/function is also unclear.
In the current study, a comparison of the primary sequences of 92 bacterial PHBH enzymes revealed that 53 positions encompassing polar and non-polar amino acids have been conserved throughout evolution. To analyze the role of all conserved residues and non-conserved residues selected from previous crystallographic studies, an active mutant database of 619 single mutants and 19 double mutants of P.fluorescens PHBH was constructed by comprehensive substitution with naturally occurring amino acids. Each mutant was assessed for PHBH main activity, sub-activity for NADPH and NADPH reaction specificity. The effects of these substitutions have been discussed in the context of structural location.
Materials and methods

Materials
p-Hydroxybenzoic sodium was purchased from Fluka (Japan); protocatechuic acid, 2, 4-dihydroxybenzoic acid, NADPH, isopropyl-b-D-thiogalactopyranoside (IPTG) and EDTA were purchased from Wako Pure Chemicals (Japan). The study organism was P.fluorescens NBRC 14160 PHBH (DDBJ/DAD accession number BAB20910) (Suemori and Iwakura, 2007) .
The gene encoding PHBH ( pobA) was cloned into a pUC19 plasmid designed to contain pobA with two restriction sites (EcoT22I and EcoRI), two regions (P35 and SD) and a His6 tag ( pPHBH) (Suemori and Iwakura, 2007) . Polymerase chain reaction (PCR) primers were obtained from JBioS (Japan). PCR, DNA extraction, DNA purification, DNA sequencing and nickel-nitrilotriacetic acid enzyme purification kits were purchased from Qiagen (USA); the enzyme extraction kit was from Novagen (Germany) and S-Gal/LB Agar Blend was purchased from Sigma (USA).
Construction of single mutants
To create libraries of single mutations at target conserved sites, the fragment encoding the pobA gene was used as a template. For example, to produce a Y201X-A fragment, the primers PstI/P35-N and Y201X-C were used; the primers Y201X-N and pobA/H6/EcoRI-C were used to produce a Y201X-B fragment. Each fragment was PCR-amplified using the following protocol: 35 cycles of 948C for 60 s, 558C for 60 s and 728C for 90 s. To enhance amplification of the complete 1238-bp fragment containing the Y201X mutations and His tag, the Y201X-A and Y201X-B amplicons were purified and used as templates for 10 cycles of primerless PCR. Then, primers P35/SD/EcoT22I-N and pobA/H6/EcoRI-C were added and 35 cycles of amplification were performed. This fragment was purified and digested with EcoT22I and EcoRI. For functional screening, the digested fragment was ligated into a vector ( pre-digested pPHBH).
The plasmid was purified and heat-shock transformed into Escherichia coli JM109. Transformed cells were plated on LB agar containing ampicillin and p-hydroxybenzoate. The transformant colonies isolated were identified by the violet color that indicates protocatechuate. DNA was isolated from the transforms and sequenced using the dideoxy chain termination method with a PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Tokyo, Japan) and an ABI 3100 DNA Sequencer (Applied Biosystems).
Expression and purification
Wild-type and mutant pobA genes were overexpressed in E.coli JM109 in 2YT medium supplemented with 50 mg/ml ampicillin, and the cultures were grown at 378C until an A 600 of 0.8 was achieved. Expression was induced by addition of 1 mM IPTG for 3 h at 378C. The cells were collected by centrifugation and stored at 2808C. Cells were resuspended in 20 mM potassium phosphate buffer ( pH 7.6) with 0.5 mM EDTA, disrupted by sonication and centrifuged to remove the aggregated enzyme. The cell-free supernatant was purified using a His6 tag and a nickel-nitrilotriacetic acid enzyme A.Suemori purification kit. The purity of the recombinant enzymes was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The purified enzymes were stored in 60% saturated ammonium sulfate at 48C. The enzyme quantity was estimated with a BCA Protein Assay Reagent Kit (Pierce, Rockford, USA) with bovine serum albumin as the standard.
Analysis of main activity and sub-activity
To measure the main activity of the PHBH, the enzyme was dissolved in 100 mM HEPES/NaOH buffer ( pH 8.0) containing 0.2 mM sodium p-hydroxybenzoate. The solution was incubated at 25 or 48C, and 0.2 mM NADPH and a suitable amount of enzyme solution were added to a final volume of 2 ml. The initial velocity of NADPH oxidation in the sample was determined by monitoring absorbance at 340 nm by using a spectrophotometer. Sub-activity was analyzed with protocatechuate. Mutants were examined for hydroxylase activity toward p-hydroxybenzoate (main activity, units/mg) and protocatechuate-dependent NADPH oxidase activity (subactivity for NADPH, units/mg). Subsequently, the ratio of subactivity to main activity (NADPH-reaction specificity, %) was calculated. These properties were used to populate databases of conserved and non-conserved mutations.
Software for alignment and three-dimensional simulation
The MEGA software was used to align the amino acid sequences of 92 PHBHs and other proteins with PHBH-like structures (Tamura et al., 2007) . The WebLogo software was used to visualize conserved residues in the PHBH molecule (Crooks et al., 2004) . The Deep View software was used for three-dimensional (3D) simulations of substituted residues in these PHBH enzymes (Guex and Peitsch, 1997) . The MArkovian TRAnsition of Structure evolution (MATRAS) software was used to identify enzymes with PHBH-like structures from enzyme libraries (Kawabata, 2003) . Structural alignment of PHBHs and other proteins with PHBH-like structures was performed using Deep View or MATRAS.
Results
Design strategy
In order to identify conserved residues in naturally occurring PHBH enzymes, the DDBJ database was searched; 92 PHBH sequences were found, including of 36 sequences from a-proteobacteria, 15 from b-proteobacteria, 31 from g-proteobacteria, 8 from actinomycetes, 1 from acidobacteria and 1 from a Bacillus strain. The longest sequence contained 410 residues and the shortest sequence contained 389 residues. Most a-proteobacterial PHBH enzymes comprised 389-393 residues, while b-proteobacteria enzymes generally consisted of 407 or 410 residues and most g-proteobacteria enzymes contained 394 or 395 residues ( Supplementary Fig. S1 ). An unrooted phylogenetic tree was constructed ( Supplementary Fig. S2 ), revealing four clades, clearly indicating that after the evolutionary branching of proteobacteria and other bacteria, the separation of PHBHs originated from a-, b-and/or g-proteobacteria. A few sequences originating from b-or g-proteobacteria also suggested a case of ancient horizontal gene transfer.
When the PHBH sequences were aligned, 49 sites were found to contain only 1 type of amino acid (group A), while 43 sites contained 2 types of amino acids (group B) (Supplementary Table SI and Supplementary Fig. S3 ). An alignment of these sequences indicated 11 regions with high degrees of conservation, that is, I7 -L17, R44 -E49, G157 -G160, Y181 -G187, E198 -Y201, G207-R214, R220 -Q224, P275 -D305, L333 -W337, F342 -T347 and A382 -G387, although some sites in groups A and B were observed in regions with low levels of conservation. The residues from groups A and B accounted for approximately 20% of the full-length sequence, with 18% of the sites located in the FAD-binding domain, 24% in the substrate-binding domain, and 29% in the interface domain (Supplementary  Table SI ) (Entsch and van Berkel, 1995) .
To construct a single mutant database by substitution with naturally occurring amino acids, all 49 sites in group A and 4 sites from group B were selected as targets. Four residues (G9, L199, S212 and L299) from group B were selected based on crystallographic information. G9 is located in the GxGxxG motif conserved in flavin-containing oxygenases. L199 is located near the substrate, p-hydroxybenzoate, and its side chain has been observed near the 3 0 C terminus of the substrate molecule. S212 is also located near the substrate, and its side chain combines with a carboxylated chain of p-hydroxybenzoate (Moran et al., 1999) . The final residue in group B, L299, is located near the P293-loop, and its side chain forms hydrogen bonds with R44, A45, G46, Y100 and Q102. With regard to naturally occurring substitutions, 1 G9A, 1 L199V, 1 S212T and 12 L299M were observed in an alignment of the 92 PHBH sequences. Finally, the following conserved residues were identified: 12 Gly, 3 Ala, 1 Val, 5 Leu, 1 Ile, 2 Ser, 1 Gln, 3 Pro, 2 Phe, 5 Tyr, 3 Trp, 4 Asp, 2 Glu, 2 His, no Lys and 5 Arg residues (Supplementary Table SII) .
To investigate the correlation between the location of each conserved residue and the effects of substitution on the structure and function of PHBHs, the distance between the 53 conserved residues was determined by cluster analysis. Indeed, the distance between any two residues in the primary sequence of a protein molecule does not necessarily correlate with the tertiary distance in the 3D protein structure ( Supplementary  Fig. S4 ). This analysis yielded a dendrogram including 3 taxa; groups 1, 2 and 3; and 5 other residues that were combined to create group 4 ( Supplementary Fig. S5 ). Fig. 2 illustrates the locations of the 53 conserved residues of groups 1, 2, 3 and 4 in tertiary and primary monomer structures of the PHBH. Fourteen conserved residues in group 1 clustered around FAD, 14 conserved residues in group 2 appeared to aggregate around a substrate-binding site, and 20 conserved residues in group 3 were mainly located around the P293-loop. However, it should be noted that no correlation of the conserved residue distribution between the FAD-binding domain and group 1 nor between the substrate-binding domain and group 2 was observed, e.g. the 18 conserved residues in the FAD-binding domain consisted of 9 residues from group 1, 7 residues from group 3 and 2 residues from group 4 (Supplementary Table SII) .
To compare the effects of substitutions at conserved and non-conserved residues, non-conserved residues, which were inferred to be directly or indirectly associated with the structure and/or function of PHBHs, were selected for analysis on the basis of previous studies: Studies on the crystal structure of PHBHs have strongly suggested that S13, E32, R33, R42, R44, A45, G46, V47, Q102, D286, L299 and N300 form hydrogen bonds with an FAD molecule Schreuder et al., 1989) . Of these residues, five had not been identified earlier as conserved residues: S13, E32, R33, R42 and V47 (group 5) ( Supplementary Fig. S3 ). Since it has been claimed that Q34, T35 and Y38, which are located in the helix structure, may interact directly or indirectly with an FAD molecule (Eppink et al., 1999a) , nine residues, i.e. A34, S35, A36, D37, Y38, V39, Q40, G41 and I43, were selected (group 6) ( Supplementary Fig. S3 ). Studies have shown that F161, H162, Q167, P267 and R269 may be involved in the interaction between FAD and NADPH (van Berkel et al., 1988; Moran et al., 1996; Eppink et al., 1998a; Eppink et al., 1999b) ; these residues were selected as group 7 (Supplementary Fig. S3 ). Fig. 2 depicts the primary and tertiary locations of these nonconserved residues as well as those of the conserved residues.
Construction of a single mutant database
A single-mutant database was constructed by performing a comprehensive substitution of each conserved and nonconserved residue in the P.fluorescens NBRC14160 PHBH with 1 of the 19 other naturally occurring amino acids. The database contained 619 active single mutants, including 365 active single mutants at conserved residues from groups 1, 2, 3 and 4 and 254 active single mutants at non-conserved residues from groups 5, 6 and 7. The main activity, sub-activity for NADPH, and NADPH-reaction specificity of each mutant were recorded (Supplementary Table SIII) . Fig. 3 illustrates the distribution of main activity and NADPH reaction specificity in the mutant database ( Supplementary Fig. S6 ).
Substitution of the 14 conserved residues in group 1 yielded 79 single mutants with measurable main activity, i.e. active single mutants. However, 187 single mutants, which were stably expressed but did not exhibit main activity, were also observed. Similarly, 76 active single mutants were obtained at 14 conserved residues in group 2, 132 active single mutants at 20 conserved residues in group 3 and 78 active single mutants at 5 conserved residues in group 4.
The correlation between the location of each conserved residue and the number of active single mutants obtained was Fig. 2 . Location of 53 conserved residues or 19 presumable functional residues in the primary and tertiary structures of PHBH. Conserved residues (a) in subtaxa a, b, and c of group 1 are shown in yellow, dark yellow and brown, respectively; (b) in subtaxa a, b and c of group 2 in red, pink and light pink; (c) in subtaxa a, b, c and d of group 3 in light blue, dark blue and purple, respectively; and (d) in group 4 in mint green. (e) Presumable functional residues in groups 5, 6 and 7 are shown in yellow, light blue and purple, respectively. (f ) Cys and Met residues are in ocher. The PHBH molecule is shown based on the structure of 1pbe. Sequence logos were generated using 92 PHBH amino acid sequences extracted from DDBJ.
A.Suemori closely analyzed. No active mutants were obtained for substitutions at G14 and G160 in group 1; E198, R220 and R246 in group 2; and Q102, G187, N300 and F342 in group 3. Only one active single mutant was obtained at G9, G11 and D286 in group 1; Y201, H214 and G187 in group 2; and G295 in group 3. Fewer than 10 mutants were obtained at12/14 conserved residues in group 1, 10/14 conserved residues in group 2 and 14/20 conserved residues in group 3. However, four of the five conserved residues in group 4 produced more than 10 mutants ( Supplementary Fig. S7 ). No active mutants were obtained for 9 of 53 conserved residues but 365 active mutants were obtained for the remaining 44 residues. The number of active single mutants relative to the predicted number was 30, 29 and 35% in groups 1, 2 and 3, respectively; however, the yield in group 4 was 82% (Supplementary Table SIV ). The majority of the conserved residues in group 4 is located in the outer region and is unattached to other conserved residues, suggesting that substitutions at some group 4 residues may have little effect on enzymatic activity.
Comprehensive substitution of each non-conserved residue in groups 5, 6 and 7 yielded a database of active single mutants: 39 at 5 residues in group 5, 169 at 9 residues in group 6 and 46 at 5 residues in group 7 (Fig. 3 and Supplementary  Table SIII) . Only one active single mutant was produced at S13, E32 and R42 in group 5, three were produced at H162 and F267; and two were produced at R269 in group 7. However, all 19 active single mutants were produced at 1 residue, V47, in group 5; at 8 residues, Q34, T35S, P36A, D37, V39, L40Q, G41 and I43, in group 6; and at 2 residues, F161 and Q167, in group 7.
Based on their tolerance for substitution, the conserved residues were categorized into three classes: the first class consisted of mutations that inactivated or destabilized products, the second class was rather restricted in the tolerance Fig. 3 . Distribution of main activity and NADPH reaction specificity among obtained single mutants. (a) Mutants at residues in group 1 are in yellow; (b) in group 2 in red; (c) in group 3 in blue; (d) in group 4 in mint green; (e) in groups 5, 6, and 7 in yellow, light blue and purple, respectively; and (f ) in Cys and Met residues in ocher. In the box plots, the color coding for (g) and (h) are the same.
for substitution and the final class was tolerant of all substitutions. Similarly, non-conserved residues were divided into two groups, i.e. bipolarization. These trends clearly differed from that of the previous single mutant database at 12 Cys/Met, which exhibited a normal distribution (Fig. 3) . These Cys/Met residues are weakly conserved but unconnected to structure and function; all 19 substitutions at 12 Cys/Met yielded active products (Suemori and Iwakura, 2007) .
Group 1 yielded no active mutants with higher activity than the wild-type enzyme. Similarly, only 1, 2, 4, 0, 2 and 0 mutants exhibited greater main activity than the wild type in groups 2, 3, 4, 5, 6 and 7, respectively. The distribution of the main activity of mutants at each conserved residue was analyzed ( Supplementary Fig. 8 ). The conserved residues included 12 Gly, 3 Ala, 1 Val, 5 Leu, 1 Ile, 2 Ser, 1 Gln, 3 Pro, 2 Phe, 3 Tyr, 3 Trp, 4 Asp, 2 Glu, 2 His, 0 Lys and 5 Arg (Supplementary Table II) . Gly, which was observed at 12 of 53 conserved residues in the wild-type enzyme, tended to be non-permissive for substitution, with the exception of G94 in group 4; substitution of Gly with other small amino acids was more frequently tolerated. With the exception of Y181, W234 and W337 (group 4), aromatic amino acids tended to be intolerant of substitution. Hydrophobic and relatively small amino acids were more tolerant of substitution, regardless of location in the PHBH enzyme. No trends were observed for polar amino acid substitution.
Of the 365 active mutants of the 53 conserved residues, 64 exhibited higher NADPH-reaction specificity than the wildtype enzyme: 11 mutants each at L199 and L210 in group 2; 18, 5, 1 and 4 at R44, G46, L48 and L299, respectively, in group 3; 3 each at G94 and D108; and 11 at Y181 in group 4. In contrast, of the 254 active mutants of the 19 nonconserved residues, only 2 exhibited higher NADPH-reaction specificity than the wild-type enzyme. Some mutants at L199, L210, R44 and Y181 exhibited considerably higher NADPH reaction specificity, such as Y181S (0.7%), Y181T (0.8%) and L199Y (0.8%). Table I lists the kinetic parameters of Y181S and Y181T, for which the K d and k d values were lower than those for the wild-type. In the 12 Cys/Met mutant database, which included 65 active single mutants with higher NADPH-reaction specificity than the wild-type enzyme, the highest NADPH-reaction specificity was 2.1%, compared to 4.7% for the wild-type enzyme (Suemori and Iwakura, 2007) . This finding suggested that the conserved residue mutations yielded mutants with unexpectedly higher NADPH-reaction specificity than the wild-type enzyme, such that even substitution of conserved residues would disrupt the main activity or stability.
Construction of a double mutant database
Y181S showed the highest NADPH-reaction specificity; therefore, the Y181X single mutations were combined with an L268G mutation, which was selected by the rational design method. The substitution yielded 19 active Y181X/L268G double mutants (Supplementary Table SIII ). Fig. 4 shows the main activity and NADPH-reaction specificity of the Y181X single mutants and Y181X/L268G double mutants. For example, alteration of the NADPH-reaction specificity of Y181S to Y181S/L268G resulted in a change from 0.7 to 0.5%; the changes ranged from 0.8% for Y181T to 0.5% for Y181T/L268G. However, the NADPH-reaction specificity of Y181R/L268G differed substantially from that of Y181R (0.5 vs. 4.1% for the single Y181R mutant). Table I lists the kinetic parameters of the Y181R/L268G double mutant, which exhibited lower K d and k d values than the wild-type enzyme.
Discussion
Interactions between conserved/non-conserved residues and FAD Based on the effects of substitution on expression and/or main activity in this study and the previously determined crystal structure of wild-type or mutant PHBHs, seven conserved and eight non-conserved FAD-increasing residues were categorized into three classes and their tertiary structural characteristics were examined.
The first class consisted of three conserved residues (Q102, D286 and N300) and three non-conserved residues (S13, E32 and R42) because no active single mutants of Q102 and N300 were obtained, and only 1 active single mutant with very low main activity was acquired at D286, S13, E32 and R42. Previous studies reported that substitution of the conserved residue N300 with Asp dramatically reduced the main activity in comparison to that of the wild-type enzyme and that this substitution weakened hydrogen bonds formed between Activity was measured at pH 6.5 and 48C.
A.Suemori the main or side chain of N300 and the FAD molecule (N N300 ¼ O2 FAD , ND2 N300 ¼ O2 FAD ) (Fig. 5a ) Ortiz-Maldonado et al., 2001; Ballou et al., 2005) . Similarly, substitution of the non-conserved R42 located within a loop between a-helix 2 and b-sheet 3, to Lys or Ser dramatically reduced main activity by eliminating or weakening hydrogen bonding between the side chain and FAD (NH2 R42 ¼ A3* FAD ) (Fig. 5a ) (Eppink et al., 1998b (Fig. 5a ) Schreuder et al., 1989) . We hypothesized that substitutions of S13, E32, Q102 or D286 prevented hydrogen bonding, reducing the main activity of the wild-type enzyme.
Analysis of the next class, comprising the conserved residues A45, G46 and L299, indicated that substitutions of these residues led to considerable reductions in main activity, but were not necessarily limited in this study. Prior analysis of the crystal structure of PHBHs has indicated that A45, G46 and L299 form hydrogen bonds between their main structural chains and FAD molecules, including the following bonds: (Fig. 5a) Schreuder et al., 1989) . Substitution of A45 with Gly or Val was also verified, suggesting that substitutions led to the largest observed decreases in main activity; this inactivation could be explained by incremental conformational changes (Cole et al., 2005a; Cole et al., 2005b ). In the current study, A45 substitution with Ser or Thr did not cause loss of the main activity. This result suggested that the effects of substitution at A45 are dependent on the capacity of the side chains of the given amino acid. While no previous work regarding substitution of L299 has been reported, the finding that the majority of L299X mutants had no change in main activity can likely be explained by the confinement of hydrogen bonds between the The FAD molecule is shown in yellow; R44, A45, G46, D286 and N300 residues in red; S13, E32 and L299 residues in pink; and R33, R42 and V47 residues in white. Hydrogen bonds are shown in light blue. (b) Interactions between p-hydroxybenzoate or protocatechuate and residues. W185, L199, Y201, L210, S212, R214, Y222, P293 residues (pink) and p-hydroxybenzoate (red) in PHBH (1pbe) are shown, and the same residues (light green) and protocatechuate (green) in PHBH (1phh) are also depicted. main chain and FAD molecule, which would be unaffected by changes in the side chain at L299.
The third class comprised one conserved residue, R44, and five non-conserved residues, R33, V47, H162, H267 and R269; substitution of residues yielded few changes in main activity. R44 forms a hydrogen bond between its side chain and an FAD molecule: NH1 R44 ¼ O4* FAD (Fig. 5a) Schreuder et al., 1989) . Replacement of R44 with Lys reduced the main activity, although this hydrogen bond was not essential to this activity (Eppink et al., 1995) . Thus, previous data are consistent with our finding that the R44X mutants, with the exception of R44G, exhibited activity similar to that of the wild-type enzyme. In addition, R33 forms a hydrogen bond between its side chain and FAD molecules (NH2 R33 ¼ AO2* FAD ) (Fig. 5a) Schreuder et al., 1989) , and hydrogen bond formation is the main role of the R33 side chain (Eppink et al., 1999a) ; however, we demonstrated that the majority of R33X mutants retained the main activity. It was suspected that the decreased bulk of other amino acid side chains led to this apparent stabilization. Previous crystallographic studies have indicated that V47 is located within a b-strand, with its side chain opposite to an FAD molecule, and forms hydrogen bonds only between its main chain and the FAD molecule: N V47 ¼ O4 FAD and O V47 ¼ N3 FAD (Fig. 5a) Schreuder et al., 1989) . These finding suggest that substitution of V47 would not affect main enzymatic activity. There was no obvious cause for the reduced main activity of the H162, P267 and R269 substitutions (Eppink, et al., 1998a; Eppink et al., 1999b) .
Interactions between conserved/non-conserved residues and substrate/product
The interaction of the conserved residues Y201, R214, S212, Y222, L199, L210 and P293 with the substrate or product was examined. Substitution at Y201 yielded only one single mutant with very low activity. Previous studies have shown that Y201 forms a hydrogen bond between its side chain and the substrate (OH Y201 ¼ O4 PHB ) (Fig. 5b) (Entsch et al., 1991; Eschrich et al., 1993; Gatti et al., 1994) , suggesting that substitution of Y201 with other amino acids (with the exception of Phe) reduce the main activity by decreasing the bulk of the side chain and eliminating the hydrogen bond. Similarly, substitution at R214 also produced only one single mutant with dramatically lower main activity. While a previous study demonstrated that the nitrogen group of R214 has two hydrogen bond partnerships with the substrate, NH1 R214 ¼ O1 (Fig. 5b) (van Berkel et al., 1992) , mutation of R214K in this study led to the elimination of 1 or 2 hydrogen bonds, which may have destroyed the main activity and/or stability.
In contrast, substitution at S212 yielded four active single mutants with near-wild-type main activity. Previous studies have indicated that S212 normally forms a hydrogen bond between its side chain and the substrate: OG S212 ¼ O1 0 PHB ( Fig. 5b) (Moran et al., 1999) , suggesting that it is possible to introduce only small amino acids such as Ala at S212 to maintain hydrogen bonds. Moreover, substitution at Y222 yielded 10 active single mutants with low main activity. Previous studies have suggested that a hydrogen bond forms between the side chain of Y222 and the substrate: Fig. 5b) Schreuder et al., 1989) ; substitution of Y222 with Ala or Val considerably reduces the main activity (Schreuder et al., 1994) as does replacement of Y222 with Phe (van der Bolt et al., 1996) . However, the hydrogen bond between the side chain of Y222 and the FAD molecule may be rather weak, making its effect somewhat limited.
Substitution at L199 was unique as it resulted in the production of single mutants with higher NADPH reaction specificity. Indeed, previous studies have also indicated that no hydrogen bonds form between the side chains of L199 and L210 and the substrate; however, van der Waals forces exist, CD L199
. . . C3 PHB and CD2 L210 . . . C5 PHB (Fig. 5b) Schreuder et al., 1989) . While it was unclear why L199 and L210 mutations affected NADPH reaction specificity, substitutions at L199 or L210 would presumably affect the interaction of the enzyme with the substrate or product, subsequently affecting the reaction of the enzyme with NADPH or the enzyme conformation.
Finally, substitution at P293 yielded six single mutants with relatively low main activity. The P293 residue, located near the product in the substrate-binding core, forms a hydrogen bond between its main chain and the product: O P293 ¼ O3 pro (Fig. 5b) (Palfey et al., 2002) . We therefore suspected that the decreased activity of these mutants was a result of the elimination of a potential hydrogen bond by substitution at P293. Finally, W185, at which only four single mutants were produced, could participate in aromatic interactions with the product, i.e. CZ3 W185
. . . O3 PRO and CZ3 W185 . . . O3 PRO (Fig. 5b) , which is located 3.5 Å from the amino acid Schreuder et al., 1989) , resulting in decreased activity and/or stability of some mutants.
Effects of substitution of Y181 on the structure and function of PHBHs Fig. S9 ) (Palfey et al., 1997; Frederick et al., 2001) . In these conformations, hydrogen bonds were observed not only between Y181 and S270 side chains, but also between the main chains of Y181 and L268 (Fig. 6a) , suggesting that creation of a double mutant (Y181X/L268G) may be promising.
Computational analysis was therefore used to examine conformations and interactions between Y181 or amino acids introduced at Y181 and residues surrounding Y181. This simulation indicated that substitution of Y181 with a Ser residue would eliminate hydrogen bond formation, that is, OH Y181 ¼ OG S270 , subsequently leading to the formation of new hydrogen bonds, OG1 S181 ¼ O L268 and OG1 S181 ¼ O F183 (Fig. 6a) . In addition, the Y181R/L268G double mutant formed a new weak hydrogen bond between the R181 and W185 side chains, that is, NH1 R181 ¼ NE1 W185 , which did not appear in the Y181R single mutant (Fig. 6b) . This simulation led to the hypothesis that Y181S may be more stabilized in the case of the in conformation in comparison to the wild-type enzyme. This would prevent the generation of H 2 O 2 in the open conformation and prevent NADPH from combining in the out conformation, that is, the sub-activity for NADPH would reduce and the NADPH-reaction specificity would be affected (Fig. 1c) . Moreover, introduction of Gly at L268 in the Y181R mutant was expected to stabilize the in conformation, control the release of H 2 O 2 before production of protocatechuate, and lead to greater NADPH reaction specificity. The experimental results demonstrated that the K d value of the Y181S mutant was higher than that of the wild-type enzyme, consistent with this hypothesis (Table I) . These findings led to the hypothesis that stabilization of the in conformation would also allow for controlled release of the protocatechuate product and the introduction of p-hydroxybenzoate substrate, thereby reducing the main activity. Thus, there would be a trade-off between maintaining main activity and reducing subactivity for NADPH in FAO enzymes.
The interesting observations of substitutions of Y181 in the PHBH in this study led to the comparison of PHBH-Y181 with residues corresponding to Y181 in enzymes with PHBH-like structures in the context of the molecular evolution of FAO enzymes. Table II lists the P.fluorescens PHBH and five enzymes with PHBH-like structures, that is, 1pbe, PHBH (Kudryashova et al., 2008) ; 3gmb, 2-methyl-3-hydroxypyridine-5-carboxylate hydroxylase (Oonanant et al., 2005) ; 3c96, phzS protein (i.e. phenazine 1-hydroxylase) (Greenhagen et al., 2008) ; 3c4a, vioD protein (i.e. tryptophan hydroxylase) (Balibar and Walsh, 2006) ; 3oz2, geranylgeranyl hydroxylase-related protein (Bell et al., 2008) and 2vou, 2,6-dihydroxypyridine 3-hydroxylase (Treiber and Schulz, 2008) .
Alignment of these amino acid sequences showed low similarities (limited to 13 -18%) between their primary structures, and cladistic patterns were not observed (Table II, Supplementary Fig. S10 , and Supplementary Fig. S11 ). Only 10 consensus residues were observed, that is, G9, G14, G160, G279, L283, G285, D286, A287, G298 and A302 of the PHBH, all of which were determined to be in group A or group B in this study (Eppink et al., 1997; Dym and Eisenberg, 2001) . No Tyr residue corresponding to PHBH-Y181 was observed in the other five enzymes, whereas Trp and Gly residues corresponding to PHBH-W185 and PHBH-G187 were found in the other three enzymes, 3c96, 3c4a and 2vou. 2-Methyl-3-hydroxypyridine-5-carboxylate hydroxylase, 3gmb, contained four identical residues corresponding to PHBH-K176, PHBH-V180, PHBH-G184 and Fig. 7 . Comparison of residues relevant to PHBH-Y181 in enzymes with PHBH-like structures. (a) An alignment of amino acid sequences corresponding to S14/S15 in 1pbe. a-Helices and b-sheets are in red and blue, respectively. Residues corresponding to K175, V180, G184, L188 and L189, to W185 and G187, and to Y181 in 1pbe are indicated with pink, white and light green, respectively. (b) Y181, W185 and G187 on S14/S15 in the structure of 1pbe are shown in red. Comparison of (c) S175, L179 and R181 on S12/S13 in 3gmb ( pink) and S14/S15 in 1pbe (red); (d) H184, M189, W190 and G192 on S13 in 3c96 (yellow) and S14/S15 in 1pbe (red); (e) N161, Y163, W165 and G167 on S10 in 3c4a (mint green) and S14/S15 in 1pbe (red); (f ) D178, A182 and Q184 on S12 in 3oz2 (purple) and S14/S15 in 1pbe (red); and (g) Y169, W172 and G174 on S12 in 2vou (gray) and S14/S15 in 1pbe (red).
PHBH-L188 (Fig. 7a) . These six enzymes showed similar patterns and tertiary structures of a-helices and b-sheets, while the primary structure similarity was low ( Supplementary  Fig. S12 ). Fig. 7b -g depicts the superposition of 2 b-sheets from PHBH-S14/S15, where Y181, W185 and G187 are located, and the corresponding regions of the other five enzymes. This alignment suggested that some polar amino acid residues would correspond to PHBH-Y181, especially S175 in 3bmg, H184 in 3c96, N162 in 3c4a, D178 in 3oz2 and Y169 in 2vou. We expect these polar amino acid residues would affect the open, out and/or in conformations of these enzymes and likely play important roles in maintaining the conformation of each enzyme.
PHBH mutant database
The data were analyzed to (i) understand the influence of each element and (ii) identify specific elements that produce significant effects. In this study, 53 conserved and 19 non-conserved PHBH residues were substituted and analyzed, yielding a single-mutant database of altered expression and activity phenotypes. Substitution of several conserved residues in the outer region yielded useful mutants, including Y181S and Y181T, suggesting that conserved residues in the outer region of a given protein may provide targets for substitution to improve protein properties. Further investigation of the main and sub-activities of PHBH for NADPH will provide insights into the structure-function relationships of PHBHs and enzymes with PHBH-like structures. It will be interesting to learn how structural differences between substrates and products lead to performance disparities in wild-type PHBHs, as this could provide further insights into how PHBHs could be modified to accept various types of aromatic compounds, i.e. it would lead to the possibility of improving the substrate specificity of FAO enzymes, including PHBHs.
